Abstract This paper presents experimental results of the specific heat and magnetocaloric effect in Pr 1-x Ag x MnO 3 (x = 0.05-0.25) manganites. A maximum value of magnetic entropy change for the sample with x = 0.15 was observed in magnetic field of 18 kOe at T C = 125 K and was DS max & 2.96 J/kg K. In Pr 0.95 Ag 0.05 MnO 3 sample, a sign inversion of the magnetocaloric effect was observed at low temperatures (*80 K) in low magnetic fields of 750 Oe. The coexistence of ferromagnetic and canted antiferromagnetic phases with closely spaced critical temperatures was found to force the magnetocaloric effect into abrupt sign inversion.
Introduction
Unlike manganites doped by bivalent ions, the concentration existence range of manganites doped by monovalent ions is quite narrow x B 0.25 [1] [2] [3] . In this case, the general physical properties of these manganites are very different from the well-studied manganites doped by bivalent ions. One of the main differences of these manganites from those doped with divalent ions is their high sensitivity to external effects [4] .
In recent researches on manganites the main emphasis was made on magnetocaloric properties due to the magnetocaloric effect (MCE) reaches in these materials significant values comparable with the reference magnetocaloric materials [5] [6] [7] [8] [9] . Earlier [10] we have studied a magnetocaloric properties of the Pr 1-x Ag x MnO 3 system in weak magnetic fields (less than 1 kOe). It is reported that there is no metal-insulator transition in this system and the temperature dependence of resistance shows semiconducting like behaviour [2, 3, 11, 12] . The influence of substitution of Pr ions by monovalent alkaline ions (Na, K and Ag) on the electrical and magnetic properties were studied in works [1, 2, 11, 12] . According to the temperature dependence of magnetic susceptibility of Pr 1-x Ag x MnO 3 [11, 12] there are anomalies typical for magnetic paramagnetic-ferromagnetic phase transition, based on which it is concluded that this system is a ferromagnetic insulator.
The Curie temperature T C in these compounds does not exceed 136 K [10] as a result of large difference in ionic radii of Pr and substituting cations of Na, K, and Ag (r Pr = 0.099 nm, r Na = 0.116 nm, r K = 0.138 nm, r Ag = 0.115 nm [13] ), which leads to local distortions of a crystal lattice. It leads to a reduction of the valence angle of Mn-O-Mn and a slacking of exchange interaction, and consequently, to decrease of the T C [14] .A big difference between ionic radii of rare-earth and alkaline-earth ions may cause various abrupt transitions in these materials; metastable states may be observed as well. The study of the specific heat and the magnetocaloric effect in weak magnetic fields in particular is one of the research techniques to study the magnetic state of these materials. Using a highsensitivity modulation method for MCE measuring allows us to trace manganites' various magnetic states which may leap due to thermal or magnetic discontinuity. Such highly sensitive to external effects materials are of interest as functional materials.
The purpose of this work is to establish specific heat and magnetocaloric effect in Pr 1-x Ag x MnO 3 depending on the Ag concentration, temperature and magnetic field. In this work we present the results of experimental study of specific heat C P and magnetocaloric effect DT of the ceramic Pr 1-x Ag x MnO 3 samples (x = 0.05; 0.1; 0.15; 0.25) at T = 77-300 K. [11, 12] . According to the measurements of magnetic susceptibility for all compositions there is magnetic phase paramagnetic-ferromagnetic transition, the T C is a nonmonotonic function of the alloying level: a sharp increase in low alloying, maximum at x = 0. Figure 1 shows the experimental XRD patterns for all samples. Apart from the major phase, diffraction peaks of metallic silver (2h = 38.2°and 44.4°) and a weak peak of Mn 3 O 4 (2h = 36.2°) were detected for x C 0.15 in the XRD patterns. As is obvious from Fig. 1 , the intensity of silver peak increases with rise of doping content for x C 0.15.
Results and discussion
The specific heat was measured by ac calorimetry using an automated home-built setup [15] . Mean temperature of a microcalorimeter and temperature oscillations of the sample were measured by copper-constantan and chromelconstantan thermocouples, respectively. A rate of temperature variation did not exceed 0.5 K/min, and, in the vicinity of transition, it did not exceed 0.1 K/min. The amplitude of temperature oscillations in the sample did not exceed 0.05 K. The temperature oscillations were excited in the sample with a frequency of 2 Hz by the chopped light from incandescent lamp. A size of the sample was about 3 9 3 9 0.4 mm 3 . Direct measurements of adiabatic temperature change DT with a change of the external magnetic field was carried out by a modulation method [16] . Alternating magnetic field was applied to the sample, which induced periodic changes in the temperature of sample due to the magnetocaloric effect. These temperature oscillations produced a variable e.m.f. in the differential thermocouple, one junction of which was glued to the measured sample, and this signal was detected by DSP Lock-in SR 830. The frequency of alternating magnetic field was 0.3 Hz. Alternating magnetic field up to 4 kOe was generated using the electromagnet and power supply with an external control. The control voltage was produced by a generator of the lock-in amplifier. Alternating magnetic field of 18 kOe was created using Adjustable Permanent Magnet Based Magnetic Field System (AMT & C LLC, Troitsk, Russia).This method allowed to detect changes in temperature with accuracy no less than 10 -3 K. It should be noted that while studying the MCE in the first-order phase transition regions there may occur effects associated with time constant [17, 18] . But it cannot be considered when using the modulation method of MCE measurements. This follows from the fact that the alternating magnetic field is applied continuously throughout the experiment with using the modulation method. On the other hand the modulation technique allows answering a question, what will be a real value of MCE under conditions similar to those in real magnetic refrigerators, i.e. in alternating magnetic fields. Figure 2b shows an anomalous part of the specific heat for the studied samples. The anomalous part of specific heat DC p was allocated by a subtracting from the measured dependence of the specific heat C p the regular part of the specific heat C B , representing an approximation by three Einstein modes. As it can be seen the value of specific heat jump ranges from 2.5 to 3.5 J/mol K. A minimum value DC Figure 3a shows the temperature dependence of the phase transition entropy that was determined from the formula: DS Ã ðTÞ ¼ R ðDC P =TÞdT, where the DC p data were taken from Fig. 2b . Firstly, we should note small values of the transition entropy for all samples (Fig. 3b) , which were in the range from DS MnO 3 , which was significantly less than a theoretical estimated value DS* = Rln4 = 11.52 J/mol K [19] . Such difference in actual values and theoretical estimates of the transition entropy is typical for manganites [20] [21] [22] . First of all, these values indicate an existence of magnetic two-phase state in these materials, and therefore, the samples were not completely transformed into a magnetic ordered state. Second, in the DS*(T) curve for all samples, in addition to the anomalies associated with the main phase FM-PM transition, the significant anomalies are found at temperatures well above the phase transition temperature. These anomalies, as mentioned above, were also observed in the DC p (T) curve.
The temperature dependences of MCE for the studied samples are shown in Fig. 4a, b . As follows from Figures, for the samples with x C 0.1, both in small (750 Oe), and in higher (18 kOe) magnetic fields, the temperature dependence of MCE, typical of ferromagnetic, was observed. A maximum value of the effect was found for composition with x = 0.15 and was DT = 0.85 K at the change of 18 kOe field, which corresponded to the optimum level of doping for manganites doped with monovalent ions [6, 7] .
Especially it is need to note a MCE behavior in Pr 0.95 Ag 0.05 MnO 3 . As is obvious from Fig. 4a , at first the direct MCE, typical of ferromagnetic materials, was observed in the magnetic field of 750 Oe with lowering of the temperature, which passed through a maximum at T max = 82.3 K. When temperature decreased at T & 80 K an abrupt sign change of the MCE takes place, and it occured in a very narrow temperature range dT & 0.4 K. Maximum of the inverse magnetocaloric effect was observed at T mim = 78.7 K. Further cooling led the effect value to more abrupt reduction. The Fig. 4 inset shows the temperature dependence of the magnetic susceptibility of the sample x = 0.05 measured in an alternating magnetic field 10 Oe at a frequency of 111 Hz. Besides the lowtemperature peak of 81 K, indicating transition to the canted antiferromagnetic state, a small anomaly is observed at T = 119 K.
Works [2, 3] reported that the magnetic interaction changed from antiferromagnetic type to the ferromagnetic one upon doping of pure PrMnO 3 by monovalent ions with increase of doping level, and this transition was not continuous. According to the data reported in [2] , the canted antiferromagnetic phase is characteristic of the Pr 1-x Na x MnO 3 samples with x = 0.025 and 0.05, whereas the canted antiferromagnetic phase A y F z and the pure ferromagnetic phase F y with the critical temperatures T C = 106 K and The sign change of MCE from positive to negative means that below this temperature the antiferromagnetic interaction has a dominant role, i.e. the total MCE DT exp consists of the MCE DT FM , related to FM transition and DT AFM and associated with AFM transition (DT exp = DT FM ? DT AFM ) [23] . In the strong magnetic field (18 kOe), a behavior of the MCE for Pr 0.95 Ag 0.05 MnO 3 has a somewhat different type (Fig. 4b) , but the DT(T) keeps the overall character of behavior. First, the temperature shift of maximum of the direct effect by 3 K to higher temperatures is occured. The inverse MCE is not observed, but an abrupt decrease of the MCE takes place at a lower DT max AFM j 750Oe % 1:6, i.e. when the volume of ferromagnetic and antiferromagnetic phases are slightly different from each other, we see both direct and inverse MCE. The separation of FM and AFM contributions to the MCE for the Pr 0.95 Ag 0.05 MnO 3 is similar to the procedure given in [23] .
In other words, in Pr 1-x Ag x MnO 3 at low doping in a limited range of temperatures, simultaneously ferromagnetic and antiferromagnetic phases with very closely spaced transition temperatures exist. With the temperature change their mutual relationship is just changing, and experimentally measured magnetocaloric effect is the difference effect of antiferromagnetic and ferromagnetic contributions to the MCE. Using the specific heat experimental results (Fig. 2a) , we can estimate the magnetic entropy change DS. Since near the phase transition temperatures the anomalies on the C P (T) curves are weak, effect of a magnetic field on the specific heat can be neglected. Assuming that C H = C p , and using the relation DS ¼ À C H =T ð ÞDT, we can estimate the value of magnetic entropy change DS for the studied samples at the magnetic field change of 18 kOe. Accuracy at this estimation for DS does not exceed 5 % [24] . Esti Important information that can be obtained using the magnetocaloric effect data in weak fields is the accurate determination of critical temperature. In spite of extensive discussion in a literature, the question about methods of determining the critical temperature is in debatable. It is usually assumed that for the second order phase transitions T C = T peak , where T peak is the maximum temperature of the MCE. But this condition is true in case of the mean field theory, and in case of the Heisenberg model we have the inequality T peak [ T C [25] . Often to determine T C the temperature dependence of magnetization is used. The research of the magnetocaloric effect in weak fields can help to use a different way to find a T C [26] . Practically, it means that T peak of the magnetocaloric effect under low magnetic fields is the T C . Figure 5 shows the magnetic phase diagram of Pr 1-x Ag x MnO 3 system obtained from the magnetocaloric measurements data.
Conclusion
Thus, in the Pr 1-x Ag x MnO 3 manganites specific heat and MCE are studied. On the temperature dependences of phase transitions entropy DS*, the most samples exhibit additional anomalies at temperatures above 175 K. This may indicate a presence of heterogeneities in the samples. Results of the MCE studies show that for this class of manganites the maximum value of adiabatic temperature change DT ad = 0.85 K at field change 18 kOe, which is well below the maximum values for manganites [5] . For the Pr 0.95 Ag 0.05 MnO 3 in small fields a sign inversion of the magnetocaloric effect is found that can be explained by the coexistence of ferromagnetic and canted antiferromagnetic phases, volume fractions of which vary with temperature and field. 
